INTRODUCTION
Drug-related pneumonitis represents one of the major categories of drug toxicity in cancer patients receiving systemic therapy and can be caused by direct cytotoxic, oxidative, or immune-mediated injuries [1] . Although a spectrum of radiographic manifestations are noted in drugrelated pneumonitis, the lung's response to injury is limited and commonly demonstrates several types of histopathologic manifestations with corresponding radiographic patterns [1] . These can be described according to the classification of interstitial pneumonias and related lung diseases. Recent advances in the genome-based approach to cancer have resulted in a dramatic increase in new molecular targeting agents that are approved or being tested in the clinical setting. Thus, drug-related pneumonitis as a manifestation of lung toxicity is frequently noted among cancer patients treated with different types of novel therapeutic agents. Because imaging plays a major role in detecting and monitoring drug-related pneumonitis during therapy, a systematic approach based on the radiographic patterns of pneumonitis is needed to fully characterize and accurately document pneumonitis due to lung toxicity from various therapeutic agents.
The mammalian target of rapamycin (mTOR) is a serine/ threonine protein kinase and is involved in the critical junctures of the PI3K/Akt/mTOR pathway, an established oncogenic driver in humans [2] . Everolimus (also known as RAD001) is a rapamycin analog and exerts its antitumor activity by selectively inhibiting mTOR [2] . Everolimus has been approved for treatment of renal cell carcinomas (RCCs), subependymal giant cell astrocytoma in tuberous sclerosis, advanced pancreatic neuroendocrine tumors, and advanced hormone receptor-positive, human epidermal growth receptor (HER)2-negative breast cancer [2] [3] [4] . Everolimus is under investigation as a therapeutic agent for other solid and hematologic malignancies, including Waldenström macroglobulinemia, which is a B-cell lymphoproliferative disorder characterized by bone marrow infiltration of lymphoplasmacytic cells and is associated with IgM monoclonal gammopathy [2, 5, 6] .
Drug-related pneumonitis is a well-recognized classeffect toxicity of mTOR inhibitors [7] . Several previous reports have studied drug-related pneumonitis during mTOR inhibitor therapy in patients with advanced RCC [8] [9] [10] [11] . In a previous study of 178 patients with advanced RCC treated with the mTOR inhibitor, temsirolimus, by Maroto et al., 52 patients (29%) developed radiographically identified drug-related pneumonitis. Of the 52 patients with pneumonitis, 16 (31%) had respiratory symptoms, highlighting the high incidence of radiographically detected pneumonitis during mTOR inhibitor therapy that might not be recognized clinically by treating physicians [9] . Another study of 46 metastatic RCC patients treated with mTOR inhibitors, either temsirolimus or everolimus, noted the computed tomography (CT) evidence of pneumonitis in 14 patients (30%).Those 14 patients more frequently achieved stable disease as a tumor response outcome than did those without pneumonitis, indicating the possibility of pneumonitis as a marker for therapeutic benefit [10] . Soria et al. studied 64 patients with advanced non-small-cell lung cancer (NSCLC) treated with everolimus, and reported that 24 patients (25%) had newly occurring or worsening radiographic changes suggestive of drug-related pneumonitis [12] . Although these studies have described the CT findings of pneumonitis to some extent and reported the presence of ground glass opacities (GGOs) and consolidations, a detailed radiographic characterization of the distribution of the findings and classification of patterns according to the American Thoracic Society (ATS)/European Respiratory Society (ERS) classifications of interstitial pneumonias has not been performed [13, 14] . Given the high incidence of radiographically noted pneumonitis during mTOR inhibitor therapy that might not accompany respiratory symptoms at the time of radiographic presentation,the detailed description of the radiographic patterns of pneumonitis during mTOR inhibitor therapy according to the ATS/ERS classifications of interstitial pneumonias will help assist in the accurate diagnosis, further enhance the awareness of the entity, and contribute to patient management.
The purpose of the present study was to determine the frequency of drug-related pneumonitis on chest CT scans during mTOR inhibitor therapy in patients with Waldenström macroglobulinemia and investigate the CT characteristics and radiographic patterns of pneumonitis according to the ATS/ERS classifications of interstitial pneumonias.
MATERIALS AND METHODS

Patients
The study population included 40 patients with Waldenström macroglobulinemia treated in two trials of the mTOR inhibitor everolimus at the Dana-Farber Cancer Institute.These patients had a baseline and at least one follow-up chest CT scan during therapy available for review. Six patients were treated in a phase II trial of single-agent everolimus in patients with relapsed/refractory Waldenström macroglobulinemia and received everolimus 10 mg orally daily [2] .Thirty-four patients were treated in a phase I trial of everolimus combined with rituximab with or without bortezomib; 6 patients were treated with everolimus and rituximab (everolimus dose, 5 mg in 3 patients and 10 mg in 3 patients) and 28 patients with everolimus, rituximab, and bortezomib (everolimus dose, 5 mg in 4 patients and 10 mg in 24 patients). The protocols were approved by the institutional review board, and all patients provided written informed consent. Patients without a baseline and at least one follow-up chest CT scan available for review were excluded from the present study, which focused on the radiographic assessment (n 5 25).
Chest CT Examinations
Baseline chest CT scans were performed before the initiation of everolimus therapy (median time from the baseline CT scan to therapy initiation, 1.7 weeks). All the chest CT scans after the initiation of therapy, until the termination of therapy or the last follow-up examination for those still receiving therapy, were included as follow-up CT scans. According to the clinical trial protocols, in patients treated in the phase II trial, a CT scan of the chest, abdomen, and pelvis was performed at 8 and 24 weeks of therapy and every 12 weeks thereafter [2] . In patients treated in the phase I trial, a CTscan was performed at 24 weeks of therapy.
The standard clinical chest CT protocol at the Dana-Farber Cancer Institute uses a 64-row multiple detector CT scanner (Aquilion 64; Toshiba America Medical Systems, Tustin, CA, http://www.toshiba.com). Iodinated intravenous contrast agent was used if it was not medically contraindicated. Patients were scanned in the supine position from the cranial to caudal direction from the clavicles to the adrenal glands at endinspiration. Axial images with 5-mm thickness were reconstructed using standard and lung algorithms. Axial images reconstructed with lung algorithms were reviewed on picture archiving communication systems workstations (Centricity; GE Healthcare, Princeton, NJ, http://www.gehealthcare.com) with a window level of 2700 HU and a window width of 1,500 HU.
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The Oncologist ® Radiologic Review of Chest CT During mTOR Inhibitor Therapy A retrospective imaging review was performed on the baseline chest CT and follow-up chest CT scans performed during mTOR inhibitor therapy. All chest CT scans were reviewed for abnormalities suspicious for drug-related pneumonitis by consensus of three radiologists (M.N., H.H., N.R.). The radiologists were aware that the patients had Waldenström macroglobulinemia and were being treated with mTOR inhibitor therapy using everolimus. However, they were not aware of the detailed clinical data, including adverse events and tumor progression. Each set of baseline and follow-up scans that belonged to a patient were reviewed sequentially in one review session, and the radiologists were aware of the scan dates.
The chest CT images were evaluated for the presence of parenchymal and interstitial lung abnormalities suspicious for drug-related pneumonitis. The radiologists were instructed to disregard the findings indicative of tumor involvement of the lung [15, 16] . The abnormalities suspicious for drug-related pneumonitis were evaluated for (a) extent in terms of the upper, middle, and lower lung zones using a 5-point scale for each zone (0, no involvement; 1, ,5%; 2, 5%-25%; 3, 25%-50%; 4, .50%); (b) distribution in terms of peripheral, diffuse, central, or mixed; (c) distribution in terms of upper predominant, lower predominant, diffuse, multifocal, or focal; and (d) lobar involvement (right upper lobe, right middle lobe, right lower lobe, left upper lobe excluding lingula, lingula, and left lower lobe).The presence or absence of other observations, including traction bronchiectasis, consolidation, reticular opacities, ground glass opacities, centrilobular nodularity, and honeycombing, was recorded. For cases indicative of pneumonitis, the radiographic patterns were classified, referring to the ATS/ERS international multidisciplinary classification of interstitial pneumonias and related conditions [13, 14] , as the (a) usual interstitial pneumonia pattern, (b) nonspecific interstitial pneumonia (NSIP) pattern, (c) cryptogenic organizing pneumonia (COP) pattern, (d) acute interstitial pneumonia/acute respiratory distress syndrome pattern, (e) hypersensitivity pneumonitis pattern, and (f) not applicable.
From the examination of sequential CT images, the radiologists recorded whether the observed pulmonary abnormalities were likely to have been caused by drug-related pneumonitis, using the following scale: 1, definitively not; 2, probably not; 3, equivocal; 4, probably; and 5, definitively. Patientswith definitively (score 5)and probably(score 4)were considered to have radiographically detected pneumonitis. For the patients with definitive and probable drug-related pneumonitis, the medical records were reviewed for the respiratory symptomsattheinitialpresentationofradiographicpneumonitis.
Statistical Analysis
Differences in the demographic data and clinical characteristics were tested using the chi-square test for categorical data and the Wilcoxon test for continuous data between patients with and without drug-related pneumonitis based on the CT review. The median time to the development of drug-related pneumonitis on CT scans was calculated using the KaplanMeier method. A Wilcoxon sign rank test was used to compare the time from the initiation of therapy to the last follow-up chest CT scan for patients with and without drug-related pneumonitis. All p values were based on a two-sided hypothesis; p , .05 was considered significant.
RESULTS
The clinical and baseline disease characteristics and therapeutic regimen for the 40 patients are summarized in Table 1 . Drugrelated pneumonitis was noted in 23 patients (23 of 40; 58%), which was scored as definitive for pneumonitis in 19 and probable in 4 patients.The median time between the initiation of mTOR therapy and the onset of pneumonitis was 5.7 months (95% confidence interval [CI] for the median, 5.5-6.0). The demographic data and baseline disease characteristics of the patients with and without pneumonitis showed no statistically significant imbalances (Table 1) . No significant differences were found between the 2 groups in terms of therapeutic regimen (p 5 .29 across 3 different regimens; p 5 .96 for everolimus monotherapy vs. combination therapy), the therapeutic dosage of everolimus (5 mg vs. 10 mg; p 5 .69), or the number of previous therapies for Waldenström macroglobulinemia (p 5 .94). Respiratory symptoms at the onset of radiographic pneumonitis were present in 8 of the 23 patients (35%). The most common symptom was cough, noted in 5 patients, and dyspnea, noted in 3 patients. No difference was seen in the frequency of respiratory symptoms between the COP and NSIP groups (p 5 .59).
The details of the imaging characteristics of the 23 patients with drug-related pneumonitis are summarized in Table 2 . Lower lung zones were involved in all 23 patients, with higher extent of involvement compared with the upper and middle lung zones (median extent of involvement in each zone; upper, ,5%; middle, 5%-25%; lower, 25%-50%; p , .001). Two types of distributions of the lung abnormalities were assessed (Table 2) . When these 2 types of distributions were combined, the distribution was most commonly peripheral and lower in 11 (48%) and mixed and multifocal in 10 patients (44%); peripheral and multifocal distribution (n 5 1) and a diffuse distribution by both sets of assessments (n 5 1) were also noted. The lung abnormalities on CTwere bilateral in 20 (87%), only left-sided in 2 (9%), and only right-sided in 1 (4%) patient. All lobes were involved in 12 patients (52%). Bilateral lower lobes were involved in 20 patients (87%), including 12 with all-lobe involvement.
In terms of the specific CT findings, GGOs and reticular opacities were present in all 23 patients, with coexistent consolidations in 12 patients, traction bronchiectasis in 2 patients, and centrilobular nodularity in 1 patient. None of the patients had honeycombing.
The CT findings of pneumonitis were classified as a COP pattern in 16 (70%) and an NSIP pattern in 7 of the 23 patients (30%; Figs. 1, 2, respectively) . Overlapping features of the COP and NSIP patterns were noted in 7 patients, including 5 in the COP group and 2 in the NSIP group (Fig. 3) . No difference was noted between the COP and NSIP groups in terms of the clinical and treatment characteristics and time between therapy initiation and the development of pneumonitis on CT (p . .14). None of the patients underwent bronchoscopy, bronchoalveolar lavage, or lung biopsy.
In 10 patients, everolimus was withheld at the time of pneumonitis and was restarted after a temporary hold www.TheOncologist.com
(median, 2.5 weeks; range, 1-5 weeks) with a lower dose (5 mg) in 8 patients. Everolimus was continuedwith a lowerdose (5 mg) in 3 patients and was discontinued in 2. In 8 patients, the therapy was continued without lowering the dose and without any additional treatment for pneumonitis. A steroid was given in 10 patients (n 5 7 in the temporary hold group; n 5 2 in the discontinued group; and n 5 1 in the continued with lower dose group). Additional follow-up chest CT scans after the onset of pneumonitis were available for 11 patients, and a decrease in pulmonary findings were noted 8 patients (n 5 6 in the temporary hold group; n 5 1 in the discontinued group; and n 5 1 in the no treatment change group).
DISCUSSION
Drug-relatedpneumonitis diagnosed fromCTfindings washighly frequent among patients with Waldenström macroglobulinemia receiving mTOR inhibitor therapy, occurring in 58% of the patients. The median onset was 5.7 months since the initiation of therapy. The radiographic patterns of pneumonitis demonstrated COP and/or NSIP patterns, with overlapping features in 30% of the patients. Although the high frequency of drug-related pneumonitis has been recognized in previous clinical studies, a detailed description of the radiographic patterns of pneumonitis according to the ATS/ERS international multidisciplinary classification of interstitial pneumonias has not been previously reported. The present study described an initial exercise of a radiographic patternbased approach to drug-related pneumonitis in the era of molecular targeting therapy, with a cohort of Waldenström macroglobulinemia receiving mTOR inhibitor therapy as a paradigm.
The frequency of radiographically noted pneumonitis was 58% (23 of 40) in the present cohort of Waldenström macroglobulinemia patients, higher than the previously reported frequency of 36% in metastatic RCC patients treated with everolimus or temsirolimus [10] , 29% of advanced RCC patients treated with temsirolimus [9] , and 25% of the patients with advanced NSCLC treated with everolimus [12] . Although the exact reason for the greater frequency in the present cohort is unknown, several factors could have contributed to the difference. It is possible that the frequency of the development of pneumonitis could differ among different tumor types, presumably in association with the different demographic data and clinical characteristics of the patients. The frequency of lung parenchymal metastasis from the tumors might, at least in part, affect the results. It can sometimes be difficult to make a radiologic diagnosis of pneumonitis in the presence of a significant tumor burden with lung metastasis or lymphangitic spread, which is common in patients with advanced NSCLC and RCC. However, it is rare in patients with Waldenström macroglobulinemia, with a propensity to involve the bone marrow and lymph nodes. One of the reasons for focusing on the cohort of Waldenström macroglobulinemia as a paradigm to demonstrate the patternbased approach for pneumonitis was the low likelihood of significant lung parenchymal involvement of the tumor, which allowed a detailed assessment and sensitive detection of pneumonitis on imaging studies.
In the present study, 70% of the patients received rituximab with or without bortezomib, which might have contributed to the higher frequency because both agents have been reported to be associated with pneumonitis in some previous reports [7, [17] [18] [19] [20] [21] [22] . Also, rituximab has recently been used to treat interstitial lung diseases [23, 24] . In the present study, however, 4 of the 6 patients (67%) treated with everolimus alone developed pneumonitis, and different therapeutic regimens had no significant association with the development of pneumonitis (p 5 .29).
The median time to the onset of pneumonitis from the initiation of therapy was 5.7 months (95% CI for the median, 5.5-6.0 months), longer than the 56 days (range, 31-214) among RCC patients treated with everolimus or temsirolimus [10] . In a previous study by Maroto et al. of advanced RCC patients treated with temsirolimus, 60% of the pneumonitis cases developed within 8 weeks of therapy [9] . The timing of the development of radiographically detected pneumonitis is certainly influenced by the timing of the oncology follow-up The Oncologist ® scans, which are subject to specific predetermined intervals according to tumor type, stage, and therapeutic regimen. In the study of RCC by Maroto et al., the CT scan was performed every 8 weeks to assess the tumor response to therapy [9] . In a study by Soria et al., a chest CT scan was performed every 4 weeks for the first 16 weeks and every 8 weeks thereafter [12] . The frequent CT scanning in these reports of solid malignancy was mainly because imaging is essential to assess the response to therapy in these tumors. In contrast, the follow-up imaging intervals of the cohort of Waldenström macroglobulinemia patients was much longer, because serum M protein and bone marrow evaluations play a major role in the response evaluation for these patients. According to the trial protocols, most of the patients in the present study underwent their follow-up CT scan at 24 weeks of therapy, with earlier scans performed in some patients. It should also be noted that 4 patients had pneumonitis noted on the CT scan at 8 weeks or earlier.
Respiratory symptoms were present only in 8 of the 23 patients (35%) at the development of pneumonitis, consistent with previous observations. Respiratory symptoms were present in 16 of 52 RCC patients (31%) in a study by Maroto et al. [9] and in 50% of the patients treated with temsirolimus in a study by Duran et al. [25] , further emphasizing the importance of the radiological diagnosis and awareness of this common toxicity. The most common symptom was cough followed by dyspnea, also consistent with the previous report [25] . The low frequency of respiratory symptoms at the time of radiographic detection of pneumonitis also raises a possibility that the real onset of pneumonitis might be sooner than 6 months in our cohort, which were not detected until the 6-month imaging study for asymptomatic patients without earlier imaging studies.
The detailed assessment of the CT characteristics of pneumonitis has provided a comprehensive view of the imaging manifestation of this entity. The lung abnormalities involved lower lung zones with higher extent and most commonly had a peripheral and lower distribution, noted in 48% (11 of 23) of the cases. This follows the features seen in several representative entities of interstitial lung diseases, such as COP, NSIP, and idiopathic pulmonary fibrosis [14, 26] . Another common distribution was mixed and multifocal, noted in 44% of the cases (10 of 23). This distribution is somewhat nonspecific; however, it is seen in cases of COP. The findings were bilateral in 87% and involved all lobes in 52% of the cases, indicating the extensive nature of the lung abnormalities. Because the distribution is a key to interpreting interstitial lung diseases, including drug-related pneumonitis, the awareness of the common two types of distribution is important to assess the chest CT findings of patients undergoing mTOR inhibitor therapy.
For the specific CT findings, GGOs and reticular opacities were present in all cases, along with consolidation in 52% (12 of 23), consistent with the previous study by Maroto et al. reporting that GGOs and consolidation, either alone or combined, were the most commonly observed abnormalities on chest CT scans in patients with pneumonitis [9] . Other previous studies have also reported similar findings, consisting of predominantly GGOs and reticular opacities, sometimes with consolidation [10, 25] . The distribution of these abnormalities was not reported in detail in these previous studies. Notably, none of the patients had honeycombing, in contrast to the findings in pneumonitis associated with conventional chemotherapeutic agents such as bleomycin [27] . Although the mechanism of pneumonitis as a class-effect toxicity of mTOR inhibitors remains unclear, the different imaging manifestation is indicative of pathophysiology that is distinct from the toxicities of conventional agents.
The radiographic pattern of pneumonitis was classified as the COP pattern in 70% of the cases and as the NSIP pattern in 30%. Overlapping features of COP and NSIP patterns were noted in 30%, which is reasonable given the well-known overlap of CT findings of these entities in idiopathic cases [28] . Although none of the cases had histological confirmation of the radiologic patterns, it is worthwhile to understand the constellation of the overall imaging characteristics of pneumonitis according to the ATS/ERS classification. Although drug-related pneumonitis can manifest with diverse imaging findings, a systematic investigation focusing on a specific agent and a specific tumor will often identify several common features across individual cases and can help to contribute to improve diagnostic accuracy. Because almost all interstitial lung diseases can present with "GGOs" and "reticular opacities" to some extent, further in-depth characterization with distribution analysis and pattern classification are needed to help radiologic interpretation in clinical practice. To that end, the present study has described an initial exercise of the pattern-based approach to drug-related pneumonitis during mTOR inhibitor therapy, which could contribute to optimize the assessment and documentation of pneumonitis during molecular targeting therapy. The approach is also applicable to other types of tumors treated with other anticancer agents, including novel agents for which the toxicity profiles will be of great interest and could affect the therapeutic course.
The limitations of the present study included the retrospective design with a small number of patients treated at a single institution. Patients without chest CT scans available for review were excluded from the present study. The diagnosis of drugrelated pneumonitis was predominantly based on the CT findings, which also added a limitation to the study. However, a similar approach has been used in previous publications by others addressing drug-related pneumonitis during mTOR inhibitor therapy [9, 25] . Histologic confirmation was not available for the present cohort, which is often the case with patients with known active malignancy receiving ongoing treatment. It should also be noted that, although the histologic evaluation helps to determine the morphologic pattern of lung injury, histologic examination alone might not fully identify the etiology of lung injury. Rather, etiologies such as drug-related toxicity often require a multidisciplinary approach, including clinical and radiological correlation. Most patients received other agents in addition to the mTOR inhibitor, raising the possibility of effects from these additional agents on the development of pneumonitis. However, the incidence of pneumonitis was similar between the monotherapy group and combination therapy group. A larger study with a prospective cohort treated with single-agent mTOR inhibitor therapy is needed to further address the issue.
CONCLUSION
Drug-related pneumonitis was noted on CT scans in 58% of Waldenström macroglobulinemia patients treated with mTOR inhibitor therapy. The most common findings were bilateral GGOs and reticular opacities, with or without consolidation, in the peripheral and lower lungs. The radiographic pattern of pneumonitis most commonly demonstrated a COP pattern, followed by the NSIP pattern, with overlapping features in one third of the patients.The radiographic pattern-based approach to drug-related pneumonitis described in the present study could contribute to further understanding and in-depth interpretation of lung toxicity during molecular targeting therapy for cancer.
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